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Abstract
Plants are able to cope with herbivores by inducing defensive traits or growth
responses that allow them to reduce or avoid the impact of herbivores. Since
above- and belowground herbivores differ substantially in life-history traits, for
example feeding types, and their spatial distribution, it is likely that they induce
different responses in plants. Moreover, strong interactive effects on defense
and plant growth are expected when above- and belowground herbivores are
jointly present. The strengths and directions of these responses have been scar-
cely addressed in the literature. Using Taraxacum officinale, the root-feeding
nematode Meloidogyne hapla and the locust Schistocerca gregaria as a model
species, we examined to what degree above- and belowground herbivory affect
(1) plant growth responses, (2) the induction of plant defensive traits, that is,
leaf trichomes, and (3) changes in dispersal-related seed traits and seed germi-
nation. We compared the performance of plants originating from different pop-
ulations to address whether plant responses are conserved across putative
different genotypes. Overall, aboveground herbivory resulted in increased plant
biomass. Root herbivory had no effect on plant growth. Plants exposed to the
two herbivores showed fewer leaf trichomes than plants challenged only by one
herbivore and consequently experienced greater aboveground herbivory. In
addition, herbivory had effects that reached beyond the individual plant by
modifying seed morphology, producing seeds with longer pappus, and germina-
tion success.
Introduction
Herbivory affects plant populations and community
structure through detrimental effects on plant perfor-
mance and fitness (Strauss et al. 2002; Fornoni 2011).
Therefore, plants have evolved traits that enable them to
cope with this stress. Induced plant defenses comprise
either chemical responses, through the production of sec-
ondary metabolites, or physical structures such as spines,
thorns, and trichomes, which act as deterrents against
herbivores (Dicke and van Loon 2000; Hanley et al. 2007;
Kaplan et al. 2008a,b). Another mechanism to avoid her-
bivores is changing plant architecture, allowing a spatial
escape from herbivore pressure. Spatial escape responses
occur by modification of root/shoot biomass ratios (Pei-
netti et al. 2001; Stevens et al. 2008) or by allocating bio-
mass to enemy-free plant parts, as happens in clonal
plants (D’Hertefeldt and Jonsdottir 1999; Benot et al.
2009; de la Pe~na and Bonte 2011). In nonclonal plants,
induction of seed dispersal may allow a temporal escape
of the offspring from herbivores (Wender et al. 2005;
Fresnillo and Ehlers 2008; Poethke et al. 2010).
Defense and dispersal are typically expressed as plastic
responses conditional on the experienced environment,
and are known to have a strong genetic component as
expressed by genotype 9 environment (G 9 E) reaction
norms (Agrawal et al. 2002; Holeski et al. 2010). Becuase
herbivory is heterogeneous in space and time, its impact
on plant fitness is likely to differ according to the herbi-
vore life-history traits and the spatial distribution of
involved species (Agrawal 2007; de la Pe~na et al. 2011).
Over the last decade, the interaction of herbivores occur-
ring above- and belowground on ecological dynamics
has been extensively studied (van Dam and Heil 2011).
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However, while most studies to date focused on the
mechanisms of above- and belowground interactions
(Heil 2011; van Dam and Heil 2011; Kaplan et al. 2008a,
b; Bezemer and van Dam 2005), genetic differentiation in
resistance to herbivory and induced defenses have
received less attention.
Defensive traits comprise, among many other, morpho-
logical structures that constrain herbivore activity. Leaf
toughness, trichomes, thorns, and spines may be induced
to act as a mechanical barrier against herbivore feeding
(Hanley et al. 2007). Trichomes act as mechanical barriers
against herbivores, and their function in this sense is two-
fold: (1) they obstruct herbivore movement and feeding,
and (2) some trichomes may harbor chemicals that act as
deterrents to herbivorous insects (Tuberville et al. 1996;
Valverde et al. 2001). Leaf pubescence, that is, trichome
density, has been reported to be plastic in response to
changes in several abiotic environmental conditions (Roy
et al. 1999; Perez-Estrada et al. 2000; Sam et al. 2000),
but also in response to aboveground herbivory (Pullin
and Gilbert 1989; Traw and Dawson 2002). Whether this
aboveground physical defense can be induced by below-
ground herbivory, as is the case for chemical defense
responses, is currently unknown.
Increased dispersal is also expected to be selected under
stressful conditions as a fitness maximizing strategy (Levin
et al. 2003; Bonte et al. 2012). Because dispersal capacity
in plants is with some exceptions restricted to seeds; dis-
persal is under maternal control. It is therefore expected
to increase when conditions experienced by the mother
deteriorate, as it is the case with local herbivory (Ronce
and Olivieri 1997; Donohue and Schmitt 1998; Nathan
and Casagrandi 2004). In addition, different herbivores
(above- and belowground herbivores) with different life-
history traits are expected to exert differential selection
pressures on their host plants (de la Pe~na et al. 2011) and
as such, to induce different dispersal responses.
In wind-dispersing plants, seed dispersal distance is
predicted to depend on the seed’s terminal velocity as
determined by seed weight and dispersal structures like
pappus hairs or seed wings (Tackenberg et al. 2003). In
addition, Thomson et al. (2011), demonstrated the
importance of plant height, or the height of the flowering
scapus, on dispersal distance, with seeds released from tal-
ler plants ending up at further distances. Experimental
work showing plasticity in seed dispersal traits in relation
to herbivory is almost nonexistent (but see Donohue
1998). Moreover, whether plastic responses in both
defense and dispersal can be induced by herbivores feed-
ing on belowground plant parts remains understudied.
The objective of this study was to investigate to what
degree above- and belowground herbivory affects the
direction and strength of (1) plant growth responses, (2)
induction of plant defensive traits, that is, leaf trichomes,
and (3) changes in dispersal-related seed traits (i.e., sca-
pus height, seed mass, seed morphology) and seed germi-
nation. In all cases, we compared plants coming from
different genotypes of dandelion Taraxacum officinale
F.H. Wigg. This species was selected because (1) it has
seeds dispersed by wind; (2) seed production and seed
morphology are plastic traits influenced by different envi-
ronmental conditions; (3) it is a host for both above- and
belowground herbivores; and (4) the selected individuals
were sampled from apomictic populations (Weeda et al.
1999), so that offspring from one mother-plant is geneti-
cally identical (i.e., obtaining different isolines) and in
consequence, performance in a common garden is driven
by maternal inheritance.
Aboveground herbivory was exerted by the locust
Schistocerca gregaria (Insecta: Orthoptera). This species is
a widespread generalist herbivore and is known for being
particularly devastating to crops. As with all Acridid spe-
cies, it feeds on plants by chewing on their leaves. As root
herbivore, we use the northern root-knot nematode Melo-
idogyne hapla (Nematoda: Heteroderidae). This nematode
species penetrates into plant roots, where it triggers a
physiological response that leads to root modification.
Gravid females of M. hapla stay inside the roots, which
result in the coating of such sessile females with root tis-
sue; these infection symptoms are commonly known as
root-knots. As for other root-feeding nematodes, one of
the common effects of nematode attack is the disruption
of plant hydric balance, resulting in plant growth similar
to that of water-stressed plants (Moens and Perry 2009).
We hypothesized that root-feeding nematodes would
affect the physiological balance of the host plant, inducing
leaf trichomes (as in water-stressed plants) and by doing
so, modifying interaction with foliar feeders. According to
the stress hypothesis (White 1993), we expected a positive
effect of root-feeding nematodes on aboveground herbi-
vores, that is, locusts would preferably feed on stressed
plants. In relation to seed dispersal traits, we hypothesized
that seed traits related to enhanced dispersal would be
expressed (e.g., higher pappus/seed mass ratio) when
aboveground herbivory is present; mainly because they
have, based on biomass consumption, a larger impact on
plants than root herbivores.
Materials and Methods
Collection of plant material
Seeds from one plant from six different populations were
collected in natural or urban grasslands in Belgium and
Germany (Table S1). Because experimental plants showed
distinct variation in leaf morphology (Fig. S1a), and
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because of the considerable distance between them even
within the same geographic area (i.e., within Belgium or
Germany), we regard them as different genotypes.
Preparation of experimental pots
Seeds were kept in a cool, dry place until the experiments
were set up. The seeds used to generate plants for all
experiments were surface-sterilized by submersion for
20 sec in a 4% household bleach solution. They were sub-
jected to 10 washes with distilled water and subsequently
submerged for 40 sec in a 10% ethanol solution, followed
by 10 additional washes with distilled water. After surface
sterilization, seeds were germinated in plastic incubators
(17.5 cm 9 13 cm 9 6 cm), filled with sterilized river
white sand (2 cm thick), and moistened with deminer-
alized water to soil saturation. Between 75 and 100 seeds
per genotype were placed in each incubator. The seed
containers were set under 36-watt lights, with a 16-h
light/8-h dark photoperiod regime, at 23  1°C and 35%
relative humidity. After germination, seedlings grew for
2 weeks before being transplanted to experimental pots.
1.4-L pots were filled with a mixture of white river sand
and potting soil at a proportion of three parts sand to
one part potting soil. One seedling was transferred to
each pot. Plants were grown for a total of 10 months.
Experimental setup
The experiment compares the performance of plants, bred
from a single mother-plant from six populations of
T. officinale (i.e., three Belgian and three German geno-
types, see supplementary material for more information),
in four treatments: (1) control plants, those growing in
sterilized soil; (2) plants inoculated with root-feeding
nematodes; (3) plants treated with locusts; and (4) plants
treated with both root-feeding nematodes and locusts.
We established eight replicates for each treatment and
genotype. Because of the apomictic reproduction of the
species, we consider all offspring from one mother-plant
as being genetically identical (isolines) and refer to these
as genotypes. The experiment took place in a growth
chamber, where plants received artificial light. Plants were
watered every other day until soil saturation and were fer-
tilized once a month with 20 mL of a commercial fertil-
izer (20:20:20 NPK).
Inoculation of nematodes in experimental
plants
Five weeks after transplantation, the plants were inocu-
lated with nematodes. A 0.5-cm-wide and 5-cm-deep hole
was perforated next to the root system of each plant.
Then, using a 1-mL glass pipette, 100 lab-reared juveniles
(J2) of Meloidogyne hapla, suspended in 3 mL of demin-
eralized water, were injected into the pot (Southy 1986).
The same procedure was applied, but with a previously
microwaved solution of nematodes, to the remaining
treatments.
Treatment of plants with locusts
From preliminary experiments, we knew that the selected
aboveground herbivore feeds avidly on T. officinale; there-
fore, a constant exposure to the locusts would result in
complete defoliation of plants and eventually death, so we
applied the herbivores twice during the course of the
experiment. Prior to application of the locusts, plants
were placed randomly in a growth chamber. Afterward,
we released 20 adult locusts (scapula size of
8.33  0.51 mm, mean  SD). The animals were kept
grazing for two different periods of 7 days. In case, a
plant was flowering at that particular moment, we pro-
tected the flowers by covering them with a veil until the
locusts were removed. Herbivory occurred in February
and April of 2009. After 7 days, the herbivores were
removed from the experimental setup and we estimated
the percentage of herbivory (Fig. S2a–c). Herbivory was
measured by assessing the percentage of leaf area con-
sumed by the locust (so called in percentage of defolia-
tion).
Plant harvest
From the initial 192 pots, we collected data from 162
pots, because some plants died in the course of the 10-
month experiment. At harvest time (the first week of June
2009), shoot and root biomass were assessed. The inci-
dence of root herbivores was measured by counting the
number of root-knots (i.e., mature females) in the roots.
For the assessment of trichomes (Fig. S1b), a leaf was
taken from each plant, and the number of trichomes in
the transect of 1 cm was counted under a binocular
microscope. The transect was always located at the point
equidistant to the tip and base of the leaf. The trichomes
were counted along the one-centimeter transect from the
leaf nerve outwards. We additionally measured the length
of each flowering scapus for further analysis.
Seed morphology and germination of F2
Seeds were collected during the course of the experiment
and stored in paper envelopes at room temperature. We
obtained seeds for all the compared treatments from
only two genotypes (i.e., Citadel [Belgium-B2] and FS5
[Germany-G3]), from the other genotypes either plants
ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 3
E. de la Pe~na & D. Bonte Herbivory Effects on Plant Defence and Dispersal
did not flower or only from one of the treatments did.
We counted the number of seeds produced by each
flower and selected five random seeds for measurement of
mass and length of three randomly selected pappus hairs
per seed. The length of three pappus hairs was deter-
mined after scanning a seed placed on millimeter paper
with a household scanner (HP) at a resolution of 96 dpi.
Seeds were weighted on a balance with 10–4 g precision.
Twenty-five seeds from each flower head were put in a
Petri plate lined with filter paper to quantitate germina-
tion rate. The Petri dishes were put on shelves under the
previously explained light regime. Filter paper was moist-
ened daily with distilled water, and the germinated seeds
were counted every other day. Seeds were considered ger-
minated when the primary root or cotyledons could be
observed. After 30 days, there was no further germination
and the experiment was stopped.
Statistical analysis
Error structure of all variables was checked prior to statis-
tical testing with a Kolmogorov–Smirnov test and by
plotting residuals against their linear predictors. Accord-
ing to the error structure of the response variables (i.e.,
normal, Poisson or binomial), we used linear mixed mod-
els (i.e., normal error structure) or generalized linear
mixed Models (i.e., binomial or Poisson error structure)
using the SAS (9.4) procedures Proc Mixed or Proc
GLIMMIX (with quasi-likelihood estimation of parame-
ters). In all cases, treatment (with four levels i.e., control,
nematodes, locust, nematode + locusts) was modeled as
fixed factor; genotype and genotype 9 treatment interac-
tions were modeled as random effects to correct for simi-
larities in responses among plants coming from the same
origin. For seed-related traits, date of flowering (and
consequently of seed production) was also included as a
random factor in the model due to the fact that plants
flowered several times during the course of the experi-
ment. Differences among the different treatments were
assessed with Tukey’s post hoc HSD test. Due to the pres-
ence of random effects, effective degrees of freedom were
computed through the Satterthwaites’s approximation of
SAS (Verbeke and Molenberghs 2009). With this general
schema, we addressed differences in root, shoot, percent-
age of defoliation, seed mass, and scapus and pappus
length with linear mixed models. The mortality of experi-
mental plants and germination of F2 seeds (both binomial
variables), root-knots per plant, and number of seeds and




Plant mortality occurred randomly across treatments and
genotypes (Treatment F188, 3 = 0.91, P = 0.43; genotype
Z = 0.99; P = 0.16; genotype 9 Treatment Z = 0,
P = 0.98). Differences according to treatment on shoot
biomass, and root biomass were detected (LMM results
see Table 1). In this sense, locust herbivory resulted in
plants significantly larger, that is, with more biomass,
than plants from the other three treatments (Fig. 1A).
The same pattern was observed in root biomass, with a
significant increase in plants exposed only to locusts
(Fig. 1B). Root herbivory per se did not have an impact
on plant biomass; however, the presence of root herbi-
vores seems to inhibit the compensatory biomass produc-
tion observed in plants exposed solely to locusts
(Fig. 1A).
Table 1. Statistics of: (1) the linear mixed model (LMM) testing treatment (i.e., control, nematodes, locust, nematode + locust), modeled as fixed
factor, on root, shoot biomass and percentage of defoliation; genotype and genotype 9 treatment were included as random effects; (2) the gen-
eralized linear mixed model (GLMM) testing the same fixed and random factors on no. of trichomes and no. of root-feeders (n = 162) .
LMM GLMM
Root biomass Shoot biomass % of defoliation No. of trichomes
No. of root-
feeders
F P F P F P F P F P
Fixed effects
Treatment 4.97 0.012 14.56 <0.001 25.13 <0.001 5.16 0.01 3.70 0.07
Z P Z P Z P Z P Z P
Random effects
Genotype 0.84 0.20 1.50 0.06 0.82 0.20 1.42 0.08 – –
Genotype 9 Treatment 1.30 0.09 – – 0.66 0.25 0.27 0.39 1.36 0.08
Figures in bold indicate significant differences (P ≤ 0.05).
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Impact of above- and belowground
herbivory
The presence of root herbivores increased the percent-
age of defoliation. In other words, plants exposed to
nematodes and locusts suffered more leaf loss than
plants without nematodes (Fig 2). The effect of root
herbivores on percentage of defoliation was consistent
and in the same direction for all genotypes compared
as random factors were highly insignificant (Table 1).
Besides the drastic initial impact from defoliation of
locusts on plants, leaf herbivory resulted on the long
term in larger plants. With a marginal P = 0.07, locust
herbivory yielded plants with less root-knots than
locust-free plants (Table 1). Again, the substantial
(though only marginally significant) G 9 E interaction
term (Table 1) suggests that not all genotypes reacted
in the same direction and strength when exposed to
both herbivores.
Plant defense – trichomes
The presence of herbivores, regardless of whether they
appeared above- or belowground, resulted in a higher tri-
chome density (Fig. 3). However, the combination of
nematodes and locusts caused a suppression of trichome
production, reaching values similar to control plants
(Fig. 3).
Dispersal-related traits and F2 germination
Treatment had a significant effect on pappus length. For
the genotypes used in the experiment, plants only exposed
(A)
(B)
Figure 1. Shoot (A) and root biomass (B) (mean  SE) of Taraxacum
officinale. Different letters indicate significant differences according to
treatment (i.e., control, locust, nematodes, and nematodes + locusts),
according to Tukey’s post hoc test (P ≤ 0.05).
Figure 2. Percentage of defoliation (mean  SE) on leaves of
Taraxacum officinale exposed to the locust Schistocerca gregaria, or
to the locust and the root herbivore Meloidogyne hapla. Asterisks
indicate significant differences according to Tukey’s post hoc test
(P ≤ 0.05) between the two treatments.
Figure 3. Number of trichomes on leaves (mean  SE) of Taraxacum
officinale according treatment (i.e., control, locust, nematode, locust
+ nematode). Different letters indicate significant differences
according to Tukey’s post hoc test (P ≤ 0.05).
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to locusts increased pappus length (Fig. 4A). When plants
where exposed to nematodes or to both herbivores, pap-
pus length was similar to that of control plants. For the
other seed dispersal traits (i.e., scapus length, seed mass,
or no. of seeds), no effect of treatment was detected
(Table 2, Fig. 4B–D).
Germination rate was negatively affected by the com-
mon effect of locusts and nematodes (Table 2, Fig. 5). In
this case, the date of flowering also showed a strong effect
on the germination of the seeds (Table 2).
Discussion
The study of interactions between herbivores occurring
above- and belowground has received considerable atten-
tion over the last decade. Research has primarily focused
on the signs and directions of the interaction and, to a les-
ser extent, on the mechanisms involved (Bezemer and van
Dam 2005; Kaplan et al. 2008a,b; Heil 2011; Van Dam and
Heil 2011). In very few instances, the interaction between
herbivores has been investigated using different plant geno-
types of one plant species, and not full-sibs like our reared
T. officinale lines (Schweitzer et al. 2008; Vandegehuchte
et al. 2011; Genung et al. 2012). Moreover, whether herbi-
vores occurring at different plant parts are able to affect
seed dispersal traits has, to our knowledge, never been
studied experimentally. As we know from other species,
both defense and dispersal are not fixed among popula-
tions and are subjected to selection by genotype 9 envi-
ronment interactions (G 9 E). Given that herbivore
occurrence is heterogeneous in space and time, herbivore
impact on plants differs according to the life-history traits
and spatial distribution of the herbivores (Agrawal 2007;
de la Pe~na et al. 2011). As in our experiment, by means
of a reaction-norm approach, that is, using offspring orig-
inating from genetically distinct mother-plants, we show
that trichome production has a genetic background and
therefore, the outcome of the interactions depends of the
genotype considered. Moreover, it is strongly affected by
above- and belowground herbivores.
(A) (B)
(C) (D)
Figure 4. Variation in seed traits (mean  SE) of Taraxacum officinale: (A) pappus length, (B) seed mass, (C) length of flowering stalk (scapus
length), and (D) number of seeds per plant. An asterisk indicates a significant difference of a particular treatment with respect to the others
according to Tukey’s post hoc test (P ≤ 0.05).
6 ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
Herbivory Effects on Plant Defence and Dispersal E. de la Pe~na & D. Bonte
Above- and belowground herbivory in this study had
contrasting effects on plant performance. While above-
ground herbivory yielded plants with the largest biomass,
plants treated only with nematodes or exposed to both
herbivores yielded biomasses as large as that of the con-
trol treatment, indicating that locust grazing resulted in
an over-compensatory production of plant biomass. Such
over-compensatory response was consistent among the six
tested genotypes and highlights the resilient character of
dandelions to aboveground herbivory. Compensatory
responses have been reported in different plant species
and are considered to be an adaptive trait to cope with
herbivore pressure (Lowenberg 1994; Paige 1999; Strauss
and Agrawal 1999; Olejniczak 2011). In contrast, below-
ground herbivory, that is, in nematode-treated plants,
resulted in the suppression of the over-compensatory
growth response (i.e., showing full-compensation, a bio-
mass similar to control values).
Root-feeding nematodes, and root-knot nematodes in
particular, are well-known organisms in agricultural sys-
tems that are able to induce physiological stress in a mul-
titude of crops (Moens and Perry 2009). From a
functional point of view, nematodes are not only able to
elicit local and systemic defensive responses (Kaplan et al.
2008a,b), but their infection often results in structural
modifications oriented to reduce water loss, for example
closing of leaf stomata or decreasing photosynthetic activ-
ity, and prevent further damage (Belair 2005; Volkmar
1991). We focused on the induction of leaf trichomes
because it has been shown to be a plastic trait under dif-
ferent environmental factors (Pullin and Gilbert 1989;
Perez-Estrada et al. 2000). We hypothesized that
root-feeding nematodes could modify production of leaf
trichomes and by doing so, the interaction of plants and
herbivores occurring in the foliage. Because belowground
herbivory also inhibits the compensatory growth response
(see above), trade-offs among different resistance strate-
gies seem to be prevalent in the studied system (Herms
and Mattson 1992; Ballhorn et al. 2008). Exposure of
plants to herbivores in this experiment, regardless of type,
resulted in a higher number of trichomes than in control
plants (see Fig. 2); however, when plants were subjected
to both herbivores at the same time, leaf trichomes
showed similar values to the control plants. This suggests
that the combined action of above- and belowground her-
bivory during plant growth levies costs on resistance
induction, which results in increased aboveground herbiv-
ory. However, this interpretation, linking number of tric-
Figure 5. Percentage of seed germination [(mean  SE) of
Taraxacum officinale (F2) according to treatment. Different letters
indicate significant differences according to Tukey’s post hoc test
(P ≤ 0.05).
Table 2. Statistics of: (1) the linear mixed model (LMM) testing treatment (i.e., control, nematodes, locust, nematode + locust), modeled as fixed
factor, on scapus and pappus length; genotype, date of flowering, and the genotype 9 treatment interaction as random effects; (2) the general-
ized linear mixed model (GLMM) testing the same fixed and random factors on no. of seeds and percentage of germination rate (n = 111).
GLMM LMM
No. of seeds Germination rate Seed mass Pappus length Scapus length
F P F P F P F P F P
Fixed effects
Treatment 1.47 0.38 16.70 0.02 4.31 0.33 5.81 0.001 1.04 0.51
Z P Z P Z P Z P Z P
Random effects
Genotype 0.63 0.26 – – 0.39 0.34 0.69 0.24 0.72 0.23
Genotype 9 Treatment 1.14 0.12 0.75 0.22 0.24 0.40 – – 0.69 0.24
Date 4.04 0.0001 2.28 0.01 – – – – – –
Figures in bold indicate significant differences (P ≤ 0.05).
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homes and herbivory, should be taken with caution as we
only measured the number of trichomes at harvest. More-
over, other mechanisms ruling the interaction between
the two herbivore groups cannot be excluded (Rudens-
kaya et al. 1998; Vellend et al. 2009). Taraxacum officinale
as member of the Asteraceae, is a highly lactiferous spe-
cies (Wahler et al. 2009). Latex contains multiple second-
ary metabolites, and in the particular case of this species,
it is very rich in polyphenols which, as seen for other spe-
cies, are crucial in the defense against pathogens and
insect herbivores (Vaughn and Duke 1984). Moreover,
T. officinale produces glandular trichomes that are usually
involved in the production, emission, and modulation of
many secondary metabolites (Glas et al. 2012). In order
to have a better understanding of defense responses in
this species, the production and content of glandular tric-
homes and the trade-offs of these traits should be further
studied.
Treatments with both herbivores resulted in a lower
number of root-knots, indicating a negative effect of
locusts on the multiplication of nematodes. Presence of
nematodes resulted in locusts with greater size, that is,
thorax length and as such, indicates asymmetric interac-
tion strengths between the above- and belowground her-
bivores. Interactions between above- and belowground
herbivores are highly diverse and thus difficult to pre-
dict (Moran and Whitham 1990; Tindall and Stout
2001; Blossey and Hunt-Joshi 2003; Staley et al. 2007;
Kaplan et al. 2008a,b). Positive effects of root-feeders on
leaf herbivores have been explained through inducement
of water stress, causing an increase in the amount of
soluble nitrogen in leaves (White 1984; Masters 1995),
or by damaging secondary metabolite production sites
in the roots (Kaplan et al. 2008a,b). Although we did
not assess the physiological status of our plants, our
results are in line with these earlier findings indicating
that increased plant stress resulted in more plant con-
sumption and ultimately a better growth in locusts
(Bernays and Lewis 1986).
Aside from the induced defenses, we observed signifi-
cant effects of aboveground herbivory on dispersal-related
seed traits, that is, pappus length. While scapus length
and seed mass were not impacted by herbivory, increased
pappus length relative to seed mass was a consistent
response in plants exposed to locusts. Such plastic
response in seed morphology decreases the seed’s terminal
velocity and therefore, increases potential dispersal dis-
tance (Soons et al. 2004; Tackenberg et al. 2003). This
indicates that plants are able to respond in a very short
period to herbivory by adjusting pappus length, thereby
inducing bet-hedging strategies in the distribution of off-
spring (Muller-Landau 2003). Aboveground herbivory did
consequently induced plastic responses in seed traits that
represent a shift toward a colonizing syndrome, expected
to evolve under environmental condition characterized
by low dispersal costs and high levels of environmental
stochasticity (Clobert et al. 2001; Jakobsson and Eriksson
2003; Bonte and de la Pena 2009). However, given the
limited number of isolines that flowered under all four
treatments, we cannot be conclusive to which degree these
responses are quantitatively variable among genotypes.
While we controlled herbivory to such levels that all
plants survived, such a strategy is likely at the cost of
reaching maturity under natural conditions.
Transgenerational effects of herbivores on plants have
been observed for different species suggesting that such
plant responses may be adaptive and as such amplify or
constrain natural selection on the progeny (Agrawal 2001;
Latzel et al. 2014). Transgenerational effects can be medi-
ated by differences in storage reserves, toxins, hormones
(in the seed embryo), or by epigenetic mechanisms. Inter-
estingly, although plants are exposed to herbivores occur-
ring both above- and belowground, studies on maternal
effects have mainly focused on aboveground herbivores.
Here, we show that the joint action of root and shoot
herbivores have a strong effect on the germination of
T. officinale. We cannot point forward any mechanism, as
we did not measure any parameter at seed level, but seed
biomass does not seem to be involved as it did not differ
between the experimental treatments. Nonetheless, the
results here presented open, interesting venues for future
research; not only for the species in consideration, but for
species from other natural systems challenged by herbi-
vores feeding above- and belowground.
Our study shows that plant growth and changes in seed
morphology as response to above- and belowground her-
bivory are consistent across the T. officinale genotypes
compared. It also shows that both root and shoot herbi-
vores are able to induce leaf trichomes; however, the
response in this case is genotype dependent which
strongly suggests that root herbivores play an important
role in eco-evolutionary processes for this species. We
demonstrate experimentally that above- and belowground
herbivores may have effects that go beyond the individual
plant by modifying seed morphology and germination
success. Finally, our study shows that although root her-
bivores do not have a direct effect on plant growth and
seed morphology, their presence has important modula-
tory effects for those traits when plants are also exposed
to herbivores aboveground.
Acknowledgments
EdlP is a postdoctoral fellow of the Foundation for Scien-
tific Research (FWO, Flanders, Belgium). The authors
thank Thomas Terry for technical assistance during the
8 ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
Herbivory Effects on Plant Defence and Dispersal E. de la Pe~na & D. Bonte
course of the experiments, Dr. Lander Baeten for his criti-
cal comments on a previous version of the article, Bieke
van Paemelen, Fons Dresselaers, and Sofie Vranken for
gathering experimental data. EdlP’s research is supported
by the Subprograma Ramon y Cajal (Ministerio de Eco-




Agrawal, A. A. 2001. Transgenerational consequences of plant
responses to herbivory: an adaptive maternal effect. Am.
Nat. 157:555–569.
Agrawal, A. A. 2007. Macroevolution of plant defense
strategies. Trends Ecol. Evol. 22:103–109.
Agrawal, A. A., J. K. Conner, M. T. J. Johnson, and R.
Wallsgrove. 2002. Ecological genetics of an induced plant
defense against herbivores: additive genetic variance and
costs of phenotypic plasticity. Evolution 56:2206–2213.
Ballhorn, D. J., S. Kautz, U. Lion, and M. Heil. 2008.
Trade-offs between direct and indirect defences of lima bean
Phaseolus lunatus. J. Ecol. 96:971–980.
Belair, G. 2005. Nematodes, these roundworms that harm
plants. . . by their roots. Phytoprotection 86:65–69.
Benot, M. L., C. Mony, S. Puijalon, M. Mohammad-Esmaeili,
J. J. M. Van Alphen, J. B. Bouzille, et al. 2009. Responses of
clonal architecture to experimental defoliation: a
comparative study between ten grassland species. Plant Ecol.
201:621–630.
Bernays, E. A., and A. C. Lewis. 1986. The effect of wilting on
palatability of plants to Schistocerca gregaria, the desert
locust. Oecologia 70:132–135.
Bezemer, T. M., and N. M. van Dam. 2005. Linking
aboveground and belowground interactions via induced
plant defenses. Trends Ecol. Evol. 20:617–624.
Blossey, B., and T. R. Hunt-Joshi. 2003. Belowground
herbivory by insects: influence on plants and aboveground
herbivores. Annu. Rev. Entomol. 48:521–547.
Bonte, D., and E. de la Pena. 2009. Evolution of body
condition-dependent dispersal in metapopulations. J. Evol.
Biol. 22:1242–1251.
Bonte, D., J. M. Bullock, A. Coulon, M. Delgado, M. Gibbs, V.
Lehouck, et al. 2012. Cost of dispersal. Biol. Rev. 87:290–312.
Clobert, J., E. Danchin, and A. Dhondt. 2001. Dispersal.
Oxford Univ. Press, Oxford, U.K.
D’Hertefeldt, T., and I. S. Jonsdottir. 1999. Extensive
physiological integration in intact clonal systems of Carex
arenaria. J. Ecol. 87:258–264.
Dicke, M., and J. J. A. van Loon. 2000. Multitrophic effects of
herbivore-induced plant volatiles in an evolutionary context.
Entom. Exp. Appl. 97:237–249.
Donohue, K. T. 1998. Maternal determinants of seed dispersal
in Cakile edentula: fruit, plant and site traits. Ecology
79:2771–2788.
Donohue, K., and J. Schmitt. 1998. Maternal environmental
effects: Adaptive plasticity? in T.A. Mousseau and
C.W. Fox, eds. Maternal effects as adaptations. Oxford
Univ. Press.
Fornoni, J. 2011. Ecological and evolutionary implications of
plant tolerance to herbivory. Func. Ecol. 25:399–407.
Fresnillo, B., and B. K. Ehlers. 2008. Variation in
dispersability among mainland and island populations of
three wind dispersed plant species. Plant Syst. Evol.
270:243–255.
Genung, M. A., J. K. Bailey, and J. A. Schweitzer. 2012.
Welcome to the neighbourhood: interspecific genotype by
genotype interactions in Solidago influence above- and
belowground biomass and associated communities. Ecol.
Lett. 15:65–73.
Glas, J., B. Schimmel, J. Alba, R. Escobar-Bravo, R. Schuurink,
and M. Kant. 2012. Plant glandular trichomes as targets for
breeding or engineering of resistance to herbivores. Int. J.
Mol. Sci. 13:17077–17103.
Hanley, M. E., B. B. Lamont, M. M. Fairbanks, and C. M.
Rafferty. 2007. Plant structural traits and their role in
anti-herbivore defence. Perspect. Plant. Ecol. Evol. Syst.
8:157–178.
Heil, M. 2011. Plant-mediated interactions between above- and
below-ground communities at multiple trophic levels. J.
Ecol. 99:3–6.
Herms, D. A., and W. J. Mattson. 1992. The dilemma of
plants to grow or defend. Q. Rev. Biol. 67:283–335.
Holeski, L. M., R. Chase-Alone, and J. K. Kelly. 2010. The
genetics of phenotypic plasticity in plant defense:
trichome production in Mimulus guttatus. Am. Nat.
175:391–400.
Jakobsson, A., and O. Eriksson. 2003. Trade-offs
between dispersal and competitive ability: a comparative
study of wind-dispersed Asteraceae forbs. Evol. Ecol.
17:233–246.
Kaplan, I., R. Halitschke, A. Kessler, B. J. Rehill, S. Sardanelli,
and R. F. Denno. 2008a. Physiological integration of roots
and shoots in plant defense strategies links above- and
belowground herbivory. Ecol. Lett. 11:841–851.
Kaplan, I., R. Halitschke, A. Kessler, S. Sardanelli, and R. F.
Denno. 2008b. Constitutive and induced defenses to
herbivory in above- and belowground plant tissues. Ecology
89:392–406.
Latzel, V., S. Janecek, J. Dlezal, J. Klimesova, and O. Bossdorf.
2014. Adaptive transgenerational plasticity in the perennial
Plantago lanceolata. Oikos 123:41–46.
Levin, S. A., H. Muller-Landau, R. Nathan, and J. Chave.
2003. The ecology and evolution of seed
dispersal: a theoretical perspective. Annu. Rev. Ecol. Syst.
34:575–604.
ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 9
E. de la Pe~na & D. Bonte Herbivory Effects on Plant Defence and Dispersal
Lowenberg, G. J. 1994. Effects of floral herbivory on maternal
reproduction in Sanicula arctopoides Apiaceae. Ecology
75:359–369.
Masters, G. J. 1995. The effect of herbivore density on
host-plant mediated interactions between two insects. Ecol.
Res. 10:125–133.
Moens, M., and R. N. Perry. 2009. Migratory plant
endoparasitic nematodes: a group rich in contrasts and
divergence. Annu. Rev. Phyt. 47:313–332.
Moran, N. A., and T. G. Whitham. 1990. Interspecific
competition between root-feeding and leaf-galling
aphids mediated by host-plant resistance. Ecology
71:1050–1058.
Muller-Landau, H. C. 2003. Seeds of understanding of plant
diversity. Proc. Natl Acad. Sci. USA 100:1469–1471.
Muller-Landau, H. C., S. A. Levin, and J. E. Keymer. 2003.
Theoretical perspectives on evolution of long-distance
dispersal and the example of specialized pests. Ecology
84:1957–1967.
Nathan, R., and R. Casagrandi. 2004. A simple mechanistic
model of seed dispersal, predation and plant establishment:
Janzen-Connell and beyond. J. Ecol. 92:733–746.
Olejniczak, P. 2011. Overcompensation in response to
simulated herbivory in the perennial herb Sedum maximum.
Plant Ecol. 212:1927–1935.
Paige, K. N. 1999. Regrowth following ungulate herbivory in
Ipomopsis aggregata: geographic evidence for
overcompensation. Oecologia 118:316–323.
Peinetti, H. R., R. S. C. Menezes, and M. B. Coughenour.
2001. Changes induced by elk browsing in the aboveground
biomass production and distribution of willow Salix
monticola Bebb.: their relationships with plant water, carbon
and nitrogen dynamics. Oecologia 127:334–342.
de la Pe~na, E., and D. Bonte. 2011. Soil biota effects on clonal
growth and flowering in the forest herb Stachys sylvatica.
Acta. Oecol. 37:110–116.
de la Pe~na, E., B. D’Hondt, and D. Bonte. 2011. Landscape
structure, dispersal and the evolution of antagonistic
plant-herbivore interactions. Ecography 34:480–487.
Perez-Estrada, L. B., Z. Cano-Santana, and K. Oyama. 2000.
Variation in leaf trichomes of Wigandia urens:
environmental factors and physiological consequences. Tree
Physiol. 20:629–632.
Poethke, H. J., W. W. Weisser, and T. Hovestadt. 2010.
Predator-Induced dispersal and the evolution of
conditional dispersal in correlated environments. Am. Nat.
175:577–586.
Pullin, A. S., and J. E. Gilbert. 1989. The stinging nettle, Urtica
dioica, increases trichome density after herbivore and
mechanical damage. Oikos 54:275–280.
Ronce, O., and I. Olivieri. 1997. Evolution of reproductive
effort in a metapopulation with local extinctions and
ecological succession. Am. Nat. 150:220–249.
Roy, B. A., M. L. Stanton, and S. M. Eppley. 1999. Effects of
environmental stress on leaf hair density and consequences
for selection. J. Evol. Biol. 12:1089–1103.
Rudenskaya, G. N., A. M. Bogacheva, A. Preusser, A. V.
Kuznetsova, E. Dunaevsky Ya, B. N. Golovkin, et al. 1998.
Taraxalisin - a serine proteinase from dandelion Taraxacum
officinale Webb s.1. FEBS Lett. 437:237–240.
Sam, O., E. Jerez, J. Dell’Amico, and M. C. Ruiz-Sanchez.
2000. Water stress induced changes in anatomy of tomato
leaf epidermes. Biol. Plant. 43:275–277.
Schweitzer, J. A., J. K. Bailey, S. C. Hart, and T. G. Whitham.
2008. Plant-soil-microorganism interactions: heritable
relationship between plant genotype and associated soil
microorganisms. Ecology 89:773–781.
Southy, J. F. 1986. Laboratory methods for work with plant
and soil nematodes. 6th ed. Reference book 402. HMSO
books, Lond.
Soons, M. B., G. W. Heil, R. Nathan, and G. G. Katul. 2004.
Determinants of long-distance seed dispersal by wind in
grasslands. Ecology 85:3069–3079.
Staley, J. T., S. R. Mortimer, M. D. Morecroft, V. K. Brown,
and G. J. Masters. 2007. Summer drought alters
plant-mediated competition between foliar- and
root-feeding insects. Global Change Biol. 13:866–877.
Stevens, M. T., E. L. Kruger, and R. L. Lindroth. 2008.
Variation in tolerance to herbivory is mediated by
differences in biomass allocation in aspen. Func. Ecol.
22:40–47.
Strauss, S. Y., and A. A. Agrawal. 1999. The ecology and
evolution of plant tolerance to herbivory. Trends Ecol. Evol.
14:179–185.
Strauss, S. Y., J. A. Rudgers, J. A. Lau, and R. E. Irwin. 2002.
Direct and ecological costs of resistance to herbivory.
Trends Ecol. Evol. 17:278–285.
Tackenberg, O., P. Poschlod, and S. Kahmen. 2003. Dandelion
seed dispersal: the horizontal wind speed does not matter for
long-distance dispersal – it is updraft. Plant Biol. 5:451–454.
Thomson, F. J., A. T. Moles, T. D. Auld, and R. T. Kingsford.
2011. Seed dispersal distance is more strongly correlated
with plant height than with seed mass. J. Ecol. 99:1299–
1307.
Tindall, K. V., and M. J. Stout. 2001. Plant-mediated
interactions between the rice water weevil and fall
armyworm in rice. Entomol. Exp. App. 101:9–17.
Traw, M. B., and T. E. Dawson. 2002. Differential induction of
trichomes by three herbivores of black mustard. Oecologia
131:526–532.
Tuberville, T. D., P. G. Dudley, and A. J. Pollard. 1996.
Responses of invertebrate herbivores to stinging trichomes
of Urtica dioica and Laportea canadensis. Oikos 75:83–88.
Valverde, P. L., J. Fornoni, and J. Nunez-Farfan. 2001.
Defensive role of leaf trichomes in resistance to herbivorous
insects in Datura stramonium. J. Evol. Biol. 14:424–432.
10 ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
Herbivory Effects on Plant Defence and Dispersal E. de la Pe~na & D. Bonte
Van Dam, N. M., and M. Heil. 2011. Multitrophic interactions
below and above ground: en route to the next level. J. Ecol.
99:77–88.
Vandegehuchte, M. L., E. de la Pena, and D. Bonte. 2011.
Contrasting covariation of above- and belowground
invertebrate species across plant genotypes. J. Anim. Ecol.
80:148–158.
Vaughn, K. C., and S. Duke. 1984. Function of polyphenol
oxidase in higher plants. Physiol. Plant. 60:106–112.
Vellend, M., E. B. M. Drummond, and J. L. Muir. 2009.
Ecological differentiation among genotypes of dandelions
Taraxacum officinale. Weed Sci. 57:410–416.
Verbeke, G., and G. Molenberghs. 2009. Linear mixed models
for longitudinal data. Springer series in statistics, Springer
Verlag, New York Volkmar KM 1991. Nematode tolerance
increases drought stress in young oat plants. Nematologica
37:304–311.
Volkmar, K. M. 1991. Nematode tolerance increases drought
stress in young oat plant. Nematologica 37:304–311.
Wahler, D., C. Gronover, C. Richter, F. Foucu, R. Twyman, B.
Moerschbacher, et al. 2009. Polyphenoloxidase silencing
affects latex coagulation in Taraxacum species. Plant Physiol.
151:334–346.
Weeda, E. J., R. Westra, C. Westra, and T. Westra, 1999.
Nederlandse Oecologische Flora. Wilde planten en hun
relaties 4. KNNV Publishing, Haarlem, the Netherlands.
Wender, N. J., C. R. Polisetty, and K. Donohue. 2005.
Density-dependent processes influencing the evolutionary
dynamics of dispersal: a functional analysis of seed dispersal
in Arabidopsis thaliana Brassicaceae. Am. J. Bot. 92:960–971.
White, T. C. R. 1984. The abundance of invertebrate
herbivores in relation to the availability of nitrogen in
stressed food plants. Oecologia 63:90–105.
White, T. C. R. 1993. The inadequate environment? nitrogen
and the abundance of animals. Springer-Verlag, Berlin,
Germany.
Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. Geographical and habitat information of
Taraxacum officinale populations used in the experiment.
Figure S1. (a) Comparison of leaf morphology of Taraxa-
cum officinale populations used in the experiment; (b)
detail of leaf trichomes.
Figure S2. Damage caused by the locust Schistocerca
gregaria in Taraxacum officinale.
Figure S3. (a) No. of root-knots (mean  SE), Meloido-
gyne hapla, in roots of Taraxacum officinale. (b) Thorax
length (mean  SE) for Schistocerca gregaria. An asterisk
indicate significant differences after a post-hoc Tukey test
(P ≤ 0.05).
ª 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 11
E. de la Pe~na & D. Bonte Herbivory Effects on Plant Defence and Dispersal
